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Abstract 
A decent grow in cold energy use is detected during recent years. Authors suggest different schemes and energy plants using the 
LNG cold energy, which raise a question of the correct comparison of their efficiency. Traditional ways of thermodynamic 
analysis allow to estimate a degree of every plant thermodynamic perfection but do not answer the main question – which plant 
utilize a LNG cold energy in a most effective way. This article deals with a universal criterion of reduced specific work which is 
based on the concept of nominal separation of generated useful work on parts which are related to heat sources of different 
temperature level. An analysis of four different schemes realizing different ways of LNG cold energy utilization is presented. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
A number of developments utilizing cold energy (of LNG particularly) in a different kinds of industries is 
uniformly increasing during the recent time. Most of them are directed on additional electricity generation by cold 
energy utilizing as a cold source. There are several types of useful work generation during LNG re-gasification by 
utilizing LNG cold energy: the first is to increase of the pressure during gasification by utilizing external heat 
sources including heat of the environment; and the second is to use of the cold energy as a cold sink in thermal-
mechanical converters (operating by Brayton, Stirling, Rankine or another cycle). In the last case product 
gasification takes place together with heat rejection. 
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The question of efficiency estimation of both cold energy utilizing and converter efficiency appears. It is 
necessary to estimate the efficiency of the energy plant. Existing methods allows to estimate the efficiency of the 
plants as thermodynamic systems without taking the quality of used energy into account. 
Traditional cycle efficiency criteria: Carnot efficiency  
1 /Carnot c hT TK  
  
shows maximal possible efficiency. Thermal efficiency  
/th cycle inl QK  
 
 shows the efficiency of added heat conversion into useful work. Exergy efficiency  
/ex us consEx ExK  ¦ ¦ .  
What in common for these criteria is relation of received energy to heat added from external heat sources. This 
concept is related to a thermal COP of direct heat converters. But the main feature of the described plants is that the 
value of the added heat is secondary to an amount of heat which can be absorbed by cold energy carrier. This fact 
leads to problems efficiency estimation of cold energy use. 
2. Described plants 
There are several systems of additional energy generation by utilizing cold energy which are suggested for 
comparison. 
 
Fig. 1. Plant for energy generation and LNG gasification, which is based on combination of open and closed Ranking cycles [1]. 
In the given plant (Fig.1) LNG is stored in a tank. From the tank it is charged by a pump (up to 53 bar) to an 
evaporator-condenser. LNG flow rate is 10 t/h. After the evaporator-condenser natural gas is charged to over-heater 
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where it is heated by seawater to 24 o C. Then it is charged to a circuit of turbines with intermediate seawater 
overheating. Gas is charged to a finishing heater after the circuit of turbines and then to a heat power plant.  
The second circuit is a steam-turbine plant with propane as working fluid. Propane condensation is executed by 
heat rejection to a LNG (which is evaporating). Then its pressure is increased by a pump up to 9 bar. Evaporating is 
executed by heat addition from the seawater and then propane is charged to a turbine where it is expanded to 2 bar. 
Propane flow rate is approximately 2.91 t/h. The values of thermodynamic parameters and the scheme itself are 
presented in [1]. 
Energy plant, presented in fig.2, is a combination of Brayton cycle and open Rankine cycle. LNG is stored in a 
tank A. It is charged by pump in heat exchangers C1 and C2, where LNG evaporation and nitrogen cooling take 
place. Nitrogen is working fluid of the second cycle. After heat exchangers LNG is charged into overheater D and 
then it is expanded in turbine L. 
 
Fig. 2. Plant for energy generation and LNG re-gasification, based on combination of open Rankine cycle and closed Brayton cycle [2]. 
Nitrogen is used in Brayton cycle, where it is cooled before compressors and then overheated by waste heat. 
Regenerative heat exchanger is used for increasing the cycle efficiency. Turbine power is partially used for the drive 
of compressors I1 and I2. Thus, this plant utilizes two thermodynamic cycles – open cycle of expansion for LNG 
and closed Brayton cycle for nitrogen. The values of thermodynamic parameters and the scheme itself are presented 
in [2]. 
In the next scheme of the plant (Fig. 3) the LNG re-gasification takes place in open steam-power circuit where 
heat added to LNG in evaporator is rejected from binary water-ammonia mixture, which operates in closed steam-
power cycle. Mixture overheating is executed by waste heat utilization. The values of thermodynamic parameters 
and the scheme itself are presented in [3]. 
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Fig. 3. Plant for energy generation and LNG re-gasification, based on combination of open Rankine cycle and closed Rankine cycle operating on 
binary mixture [3]. 
The fourth scheme of LNG regasification to consider contains a circuit of turbines (Fig. 4) [4]. Gas flow rate is 
0.06 kg/s, mass of the gas in one cryogenic fueling tank (CFT) is 1543 kg, time of tank operation is 7 hours. The 
working principle of this scheme is described below. Inner volume of CFT is fueled by LNG from the low pressure 
tank with the temperature of 112 K. Further, it is gasified in the tank by heat fluxes from the environment or any 
other way up to temperature of 300 K and pressure 30 MPa. After reduction, gas is charged to pipelines with certain 
pressure and temperature where it is expanded in turbines which generate useful work. Then gas is used in gas 
reciprocating unit as fuel. It is suggested to use a FG Wilson PG1250B gas station as gas-reciprocating unit with 
power output 1MW. This station is equipped by four-stroke piston engine with liquid refrigeration system and has a 
fuel rate equal to 0.06 kg/s. 
 
Fig. 4. Plant for energy generation and LNG regasification based on LNG preliminary thermal compression. 
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The required fuel pressure for this station is 0.1 MPa. Initial start of the power plant is supposed after gasification 
of all CFTs. Further every tank will be used in turn by its LNG filling and regasification cycle. As long as first tank 
is worked out, the second one starts to operate, and during this the first one starts to be filled by LNG from storage 
tanks. The process of gasification starts again. The results of traditional criteria calculation of aforementioned 
schemes are presented in table 1. 
Table 1. Results of traditional criteria calculation.  
Number of scheme 1 2 3 4 
Carnot efficiency 0.626 0.812 0.764 0.626 
Thermal efficiency 0.134 0.238 0.171 0.156 
Exergy effciency 0.362 0.226 0.392 0.2606 
 
As it was expected, highest Carnot and thermal COPs correlates with ratio of highest and lowest temperatures 
3. Efficiency criteria 
Thermal COP calculation of certain plants is connected with several problems, because they utilize a heat of 
environment which is formally free. Second and third plants utilize the sources of additional heat, but these sources 
provide only part of the cycle work, because temperature range is mostly located below the temperature of 
environment. The value of electric energy without electricity spent on compressor and pump drive was considered 
as useful exergy. The change of the cryogenic working fluid exergy was considered as input exergy. The change of 
exergy in closed circuits was considered equal to 0. 
During the analysis of traditional criteria of efficiency calculation it can be noted that the results of exergy 
efficiency are differed from other. The conclusion can be made that in cases, where exergy efficiency of certain 
plant is lower than others, more energetically “expensive” cryogenic exergy is utilized in less effective way than in 
the other cases. Provided criteria can be used for comparison of plant efficiency but they do not answer the main 
question – Which plant utilize LNG cold energy in most effective way? This fact causes a necessity to introduce a 
new criterion which show the amount of energy which is (formally) generated only by cold energy of LNG. 
It is known, that plants efficiency depends on temperatures of higher and lower heat source in different ways. It 
may be affirmed that the area of cold temperatures (temperatures which are lower than temperature of environment) 
produces useful work in more effective way than are of hot temperatures (temperatures higher than temperature of 
environment). It is obvious that contribution of the cold area in useful work generation is larger than contribution of 
hot temperatures area. It means that theoretically special proportion factor can be introduced and this factor can 
determine a fraction of useful work which is formally referred to an area of cold or hot temperatures. This 
proportion factor must take into account such parameters as working fluid temperature and pressure. 
Authors suggest using as such criterion a relation of exergy of certain energy source (referred. for example, to an 
area of cold energy source) to a total exergy which is added during the cycle. For example, for 1 kg of methane with 
cold source temperature equal to Tc=200 K and hot source temperature equal to Th=400 K, corresponding exergies 
will be equal to: 
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0
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where cp is heat capacity with constant pressure; T0 is temperature on environment. Work fractions, related for  
cold and hot temperatures areas are determined by relations: 
;cc
c h
Ex
Ex Ex
P  
  (3) 
.hh
c h
Ex
Ex Ex
P  
  (4) 
During the calculation of complex plants it should be considered that they have a different flow rates of working 
fluids and total exergy flows instead of specific one must be considered. Thus, cold energy utilization can be 
estimated by criterion based on a relation of useful work referred to cold temperatures area, to LNG flow rate or 
reduced specific work: 
,
r LNG
LNG
Nl
G
P6 
  (5) 
where NΣ is total useful work, generated by plant, W; μLNG is fraction of useful work, referred for LNG cold 
energy. The results of reduced specific work calculation for different plants are presented in table 2. 
Table 2. Results of reduced specific work calculation for different plants. 
Number of scheme 1 2 3 4 
Reduced specific work, rl , kJ/kg 138.6 268.7 296.5 433.7 
Exergy effieincy 0.13 0.226 0.348 0.405 
 
Thus, the conclusion can be made that third plant allows to most effectively utilize a LNG cold energy. It can be 
noted that exergy efficiency does not always correlate with reduced specific work, which allows to make a 
conclusion that exergy efficiency is not always suitable for estimation of cold energy use efficiency. Its correct use 
considers an equal temperature of hot heat sources, which is not always happened. For example, in cases of first and 
fourth plants exergy efficiency correlates with the values of reduced specific work because they both have only one 
source of exergy – cold exergy of LNG (heat is added from environment which exergy is free). 
Because of this fact, a criterion of reduced specific work with environment temperature taken as basis is more 
appropriate for comparison of plant which utilize a LNG cold energy for generation of useful work. If non-
dimensional criterion is required, denominator can be multiplied by corresponding multiplier which can represent a 
mean cost of LNG liquefaction (which is about 1 kWh/kg) or theoretical LNG liquefaction work: 
0 ,liql Т s h ' '
  (6) 
If it necessary to obtain a non-dimensional criterion, denominator of this expression may be multiplied on 
corresponding multiplier which may represent a mean costs on LNG liquefaction (about 1 kWh/kg) or theoretical 
work on liquefaction: 
0 ,liql Т s h ' '
  (7) 
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where lliq is minimal (or reversible) work; Т0 is temperature of environment; Δs is  entropy change during gas 
transfer from gas initial condition to a final one; ΔH is enthalpy change during gas transfer from gas initial condition 
to a final one. 
4. Conclusion 
The suggested method of comparative analysis of energy plant offers a formal energy division on fractions which 
are produced by means of corresponding heat (or cold) source. In cases, where there is only on heat (or cold) source 
(the other one is environment), all generated energy is related to this source. In case of several heat (or cold) sources 
presence, it is necessary to introduce such criterion, which will objectively estimate a contribution of every energy 
source in useful work generation. A reduced specific work can be used as such criterion. Reduced specific work is a 
relation of useful work fraction related to an LNG cold energy as a cold source to a flow rate of LNG. The fraction 
of useful work related to LNG was calculated by proportion factor which is the ration of LNG exergy to a total 
exergy which is added to a plant cycle. This allow to take into account such thermodynamic and physical parameters 
as temperature, pressure, flow rate and quite fully estimate a contribution of every energy source in useful work 
production.  
In cases when there is only one heat source, reduced specific work is proportional to exergy efficiency. In other 
cases, reduced specific work values do not correlate with exergy efficiency. The plant, which utilizes thermal 
compression in tank and turbine circuit, can be considered as most effective because its reduced specific work is the 
highest among the plants presented in the given article. 
The use of the given method will be useful in complex methods which utilize efficiency estimation and study of 
feasibility. Considering the fact that cryogenic fluids (including LNG) can be used in purposes which differ from 
energy generation [5-8], improvement of these methods will promote a development of more objective and universal 
criteria. 
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